Abstract We studied the influence of Cu addition on the first precipitate, near-amorphous mackinawitetype FeS and subsequent phase transformations in the Fe-S system. Despite many studies on the formation and phase transition of Fe sulphides, the structure and physical properties of this first precipitate are still not well explained. To investigate the reaction products, iron and copper chlorides were mixed in different ratios together with sulphur and diethanolamine, and sonicated to achieve efficient mixing; already at this stage, the first FeS precipitate was formed. TEM investigation of Cu-doped mackinawite-like FeS showed enhanced crystallinity accompanied with expansion of the unit cell along the c-axis, proportional to the amount of Cu adsorbed between the (001) layers of the mackinawite structure. The subsequent solvothermal treatment and sulphurization of undoped FeS resulted in formation of pyrite, at low doping Curich mackinawite and cubic (Fe, Cu)S with a sphalerite-type structure were formed, while at higher Cu concentrations the end products were chalcopyrite and bornite, corresponding to the initial amount of Cu in the reagents.
Introduction
The first precipitate in Fe-S system is often regarded as amorphous Fe sulphide (FeS am ) and consists of disordered mackinawite-like particles in sizes up to 2-5 nm with short-to medium-range atomic order consistent with that of crystalline mackinawite (Csákberényi-Malasics et al. 2012; Wolthers et al. 2003) . The crystal structure of first FeS precipitate can be described in terms of disordered tetragonal mackinawite structure: it can be expanded along the c-axis, which implies larger distances between the tetrahedral sheets, while expansion along a-and b-axis indicates that tetrahedrons between the sheets are dislocated or distorted with respect to mackinawite structure (Wolthers et al. 2003) . The expansion of unit cell was explained by repulsion between the adjacent S-Fe-S layers (Wolthers et al. 2003) or by the cation uptake between the S-S layers (Vaughan 1970) . In nature, mackinawite is often found in anoxic environment, and it is known to have high adsorptive capacity for divalent metals (Wharton et al. 2000) . The similarity of X-ray diffraction patterns between nanoprecipitate and expanded tetragonal mackinawite structure established that in literature this first precipitate is referred to as FeS am , disordered (Wolthers et al. 2005) or nanocrystalline mackinawite (Csákberényi-Malasics et al. 2012) . Such first precipitate transforms during aging into crystalline mackinawite (FeS), greigite (Fe 3 S 4 ) and by further sulphurization into pyrite or marcasite (FeS 2 ) (Rickard et al. 1995) .
Mackinawite structure consists of distorted cubic close-packed sulphur arrays with iron atoms in the tetrahedral interstices and vacancies in the octahedral sites (Lennie et al. 1995) , which correspond to the PbO structure type (see Fig. 1 ). Iron atoms are arranged in a perfect square planar coordination, embedded within each layer and forming sheets (Lennie et al. 1995) ; these sheets are further stacked along the c-axis, held together by weak van der Waals forces between the sulphur atoms (Vaughan and Craig 1978) . The distance between individual sheets is approximately 5 Å , while the unusual layered structure permits very close Fe-Fe distances in the basal plane (approx. 2.5 Å , very similar as in a-iron) (Livens et al. 2004; Wolthers et al. 2003) . The arrangement in tetragonal PbO structure type corresponds to space group P4/nmm ( § 129) with the cell parameters a = 3.66-3.67 Å and c = 4.99-5.03 Å . The large interlayer vacancies in the structure allow significant amounts of other transition metals to occupy the octahedral vacancies, e.g. Cr and Cu up to 10 % and Co or Ni up to 20 % (Vaughan 1969; Clark 1970) . While mackinawite is regarded as a metastable compound which ultimately transforms into more stable phases, it can persist for long periods of time at low temperatures under reduced conditions. The transformation of mackinawite, studied with heating experiments under vacuum conditions, showed phase transformation to hexagonal pyrrhotite at approximately 270°C (Kouvo et al. 1963) , while the transformation of mackinawite to greigite was observed already at 130°C (Lennie et al. 1997) . Small amounts of transition elements (such as Cu) present in natural mackinawite and in some magnetotactic bacteria (Pósfai et al. 1998 ) motivated us to study its influence on the formation of first FeS precipitate and subsequent phase transformations in the Fe-S system. To investigate the incorporation of Cu into mackinawite and its influence on the stability of the structure, we constructed a series of sonochemical experiments at ambient temperature and pressure followed by solvothermal treatment of initial Cu-doped FeS at elevated T and p, to elucidate the role of Cu on these phase transformations.
Materials and methods
Analytical grade chemicals, used in the experiments, are listed in the Table 1 . Due to hygroscopic nature of the Fe halides, they were stored and handled in an argon-filled inert glow-box (MB 150 B-G-I, M. Braun Inertgas-Systeme GmbH, Garching, Germany) equipped with a H 2 O/O 2 analyser. Before setting up the experiment, the reagents were weighed by a calibrated closed electronic analytical balance (Kern ALT 220-4 M, Kern & Sohn GmbH, Balingen, Germany). For pure FeS system, we used 1.63 g of Fe chloride, 0.786 g of sulphur and 10.32 g of DEA in stoichiometric ratio Fe:S = 1:3 and Fe ? S: DEA = 1:3, which were diluted with EtOH abs and mixed in PTFE vessel. In experiments with Cu doping, we replaced equimolar amounts of Fe chloride by Cu chloride, to preserve the stoichiometry of the system. All experiments were prepared with constant metal:S and metal ? S:DEA ratios.
Starting reagents were mixed with sulphur in PTFE autoclave lining, diluted with liquid DEA and filled up to 2/3 with absolute ethanol. The solution was first stirred, sonicated in an ultrasonic bath and then thermally treated in sealed autoclave. For sonochemical synthesis experiment (SCS), for investigation of the first precipitate in Fe-S and Cu-Fe-S systems, we used 400 W Sonis 4GT (Iskra PIO d.o.o., Š entjernej, Slovenia) ultrasonic bath, operating at 30 kHz, k = 4,023 9 10 -2 m; such obtained slurry was immediately characterized in TEM. This intermediate product was then further solvothermally treated (STS) to explore phase transformations of these metastable products. For STS, we used 250-ml stainless steel autoclaves with 80-ml PTFE (Teflon) lining, heated for 18 h in Binder APT.line FED preheating chamber (Binder GmbH, Tuttlingen, Germany) equipped with R3.1 controller.
The products of solvothermal syntheses were rinsed with alcohol to remove organic residues and dried at 50°C to avoid further alteration and prepared for XRD analysis; in all samples the size of the particles was suitable for direct observation and no further grinding was necessary. The phase composition and crystal structures of the end products were also analysed by X-ray powder diffraction (XRD; PW1710, Philips Analytical B.V., Germany) using a Ni-filtered CuKa radiation in the range 2h = 10°-70°w ith a step of 0.04°and recording time of 1 s/step, which should allow acquisition of most products expected to form during synthesis. Raw data were interpreted by Philips X'Pert HighScore Software Suite (Philips PANalytical B.V., Almelo, The Netherlands) using PDF2 database (International Centre for Diffraction Data).
After each synthesis step, the samples were dispersed onto holey-carbon-coated Ni grids (Structure Probe, Inc. West Chester, USA). Prior to TEM studies, the samples were additionally coated with a 3-nm-thick layer of carbon (PECS 682, Gatan Inc., Pleasanton, USA) to enhance their conductivity for electrons. The structure and chemistry of the nanocrystalline products were studied using transmission electron microscope (TEM; JEM-2100, Jeol Inc., Tokyo, Japan) with LaB 6 filament operated at 200-kV, equipped with an energydispersive X-ray spectrometer (EDXS; JED-2300T analyser, Jeol Inc., Tokyo, Japan). The micrographs were recorded with high-resolution slow-scan CCD camera (Orius DC1000, Gatan Inc., Pleasanton, USA).
For characterization of magnetic properties of the end products, we employed vibrating sample magnetometer (VSM, CAL-450-10-CERT, Lake Shore Cryotronics, Westerville, USA): a powdered sample in plastic capsule was mounted inside a uniform magnetic field to magnetize the sample, which is then sinusoidally vibrated with a use of linear actuators. As sample's magnetic moment is proportional to the induced voltage in the pickup coil, by measuring the external electromagnetic field the hysteresis curve of a material is obtained (Foner 1959) . (001) sheets of edge-sharing FeS 4 tetrahedra, with layers bonded by van der Waals forces; a homology between the Fe 2 S 2 cluster (outlined) and mackinawite structure along [110] direction. The unit cell is marked between upper two layers. b Fe-S layers along [100] direction, showing short distance between Fe atoms; c polyhedral presentation of mackinawite structure with FeS 4 tetrahedra. The model of mackinawite crystal structure is reproduced according to data of Lennie et al. (1995) 
Results and discussion
After 15 min of ultrasonic treatment of the reagents, the first FeS precipitates were obtained. All samples were prepared under the same conditions, and TEM micrographs were recorded minutes after synthesis, using similar amounts of material. At first glance, all samples regardless of the concentration of Cu in the starting reagents showed nanosized, poorly crystalline mackinawite-like FeS. At low temperatures, (Cu, Fe)S phases are proposed to form via FeS precursor and dissolved Cu-salts (Cowper and Rickard 1989; Pattrick et al. 1997) , and the nature of such precipitate should have a great influence on the subsequent crystallization. To further identify the products, we used electron diffraction pattern (EDP) analysis. Prior to acquisition of the EDPs, the scale was calibrated using single-crystal silicon to avoid systematic errors in our measurements. The d-values were directly measured from intensity profiles, obtained by rotational averaging of experimental EDPs (Mitchell 2008) . As for the reference sample, we additionally treated the pure FeS precipitate in autoclave at 100°C for 18 h; with this procedure, we obtained highly crystalline mackinawite with cell parameters corresponding to the reference values. The investigated Cu-doped precipitates obtained with sonication were then compared with the reference Cu-free crystalline mackinawite. The EDP rings were indexed based on relative separation of diffraction rings and by comparison to reference values for mackinawite ( Fig. 2c ). First observation was the contrast enhancement in EDPs ( Fig. 2a) proportional to concentration of Cu in the starting reagents, suggesting increased crystallinity. Unit-cell parameters were calculated from data, measured from EDPs. The a-axis length was measured from d (200) ring by averaging values from three EDPs which resulted in a = 3.680 ± 0.020 Å . The length of c-axis corresponds to the d (001) ring, which was to some extent overshadowed by a strong central spot and partially covered with the beam stopper, and thus could not be used for measurements directly. From the experimental HRTEM images, we measured the distances between (001) planes, estimating the length to approximately c = 5 Å . For more accurate results, the length of c-axis was calculated from known value for a-axis with use of equation:
valid for tetragonal systems. A and C in the equation are constants for lattice parameters for investigated tetragonal lattice and can be calculated as A = k 2 /4a 2 and C = k 2 /4c 2 . Constant A was calculated from known d (200) reflection, and for the (111) plane the Eq. (1) becomes C ¼ sin 2 h À 2A. From here, we can calculate the C-constant and with use of C-constant also the c-axis; the length of c-axis was calculated as c = 5.080 Å .
In reference sample of undoped crystalline mackinawite, the cell parameters thus deviate for 0.2 % for a-axis and for 1 % for c-axis from the reference values of Lennie et al. (1995) . Considering the resolution of HRTEM, such small differences (*0.05 Å ) are below the resolution limit and the measured values appear to correspond well with the data reported for mackinawite. Same calculations as for undoped mackinawite were made also for Cu-rich mackinawite samples; the measured d-values and lattice parameters calculated from them are collected in Table 2 .
The Cu-rich mackinawite-like FeS samples after sonochemical treatment exhibit expanded crystal lattice. While the expansion of a-axis is relatively constant in range of 2-6 %, the expansion in direction of c-axis appears proportional to the concentration of Cu in the starting reagents. The deviations in mackinawite cell parameters were reported already by Csákberényi-Malasics et al. (2012) and Bourdoiseau et al. (2008) . In undoped mackinawite-like nanosized FeS they observed a broad (001)-peak between 5 and 6 Å , interpreted as an influence of disordered stacking of mackinawite Fe-S sheets along the [001]-direction, while relaxation along the a-and b-axis was explained as an effect of decreased crystallite size (Wolthers et al. 2003; Jeong et al. 2008 ). Since they observed significant increase in d 001 within the range of 5.3-6.3 Å only in fresh FeS, the expansion of the c-axis was attributed to incorporation of water molecules between the S-S layers. On the other hand Jeong et al. (2008) investigated mackinawite ability of divalent metals sorption. In the layered structure of crystalline mackinawite, the sheets parallel to (001) are held together only by van der Waals forces between the S layers, and these S-S layers are capable of excess uptake of cations, which also results in an expansion of unit cell along the c-axis. Same effect was observed in our Cu-doped mackinawite, where Cu diffuses between the S-S layers, thus expanding the unit-cell in the c-axis. Takeno and Clark (1967) additionally proposed that incorporation of Cu in mackinawite could enhance the crystallinity and stability of the structure. Such effect we observed in EDPs in Fig. 2a , where intensity of diffraction rings is enhanced proportional to the concentration of the Cu in the mixture, thus showing increased crystallinity of the mackinawite-like phase. The EDS analyses of such precipitates showed that Cu concentration in the products is roughly proportional to the concentration of Cu added to the reagents and can be as high as Fe:Cu = 1:1 in samples with 80 % Cu in the starting composition (Fig. 3) . The Cu adsorbed in the mackinawite increases exponentially up to 50 % Cu, after which it remains relatively constant reaching the saturation level. Considering stoichiometry at this point, one would be tempted to interpret such products as chalcopyrite-like phases; however, the recorded EDPs better match a mackinawite structure. According to this, we suggest that this phase is a new (Fe, Cu)S modification with the mackinawite-type structure.
To further investigate the influence of Cu on phase transformation, we treated the poorly crystalline Curich mackinawite-type FeS precipitates with a subsequent solvothermal treatment at 200°C for 18 h. After the STS the samples were dried and analysed by XRD, to have starting information on phase composition. While in pure Fe-S system the transformation path from mackinawite via greigite to FeS 2 is proposed (e.g. Hunger and Benning 2007) , in Cudoped experiments, according to the Cu-Fe-S phase diagram, the expected phases at 10 and 20 % Cu should follow an uncertain phase boundary between the cubanite, pyrite and pyrrhotite series, while at higher Cu concentrations, the products should coincide with the stoichiometric chalcopyrite, bornite and possible intermediate solid solutions (Barton and Skinner 1979) .
From XRD pattern on Fig. 4a we can see that the solvothermal treatment of undoped mackinawite resulted in transformation of mackinawite (FeS) to pyrite (FeS 2 ). The size of such obtained crystallites was calculated from XRD pattern with PDXL2 (Rigaku Data Analysis Software) using a Debye-Scherrer equation as 8.6 ± 0.5 nm. The greigite phase, expected at low Cu concentrations as a transition phase between mackinawite to pyrite transition, was not observed, and small amounts of mackinawite present in the pyrite suggests direct transformation of highly crystalline mackinawite to nanopyrite. Mackinawite-like phase also completely transforms at higher Cu concentrations (50 and 80 % Cu), where the obtained products correspond to chalcopyrite (Fig. 4d) and bornite (Fig. 4e) , respectively, while at low Cu concentrations (up to 20 %), the mackinawite is still present in the sample with Cu-rich cubic FeS (Fig. 4b, c) . The strong mackinawite (001)-peak can be easily distinguished from other reflections in the XRD pattern. Another common characteristic is displacement of the mackinawite peaks for approx. 2h = 2°, surprisingly indicating a contraction of the caxis compared to the reference data.
Treating the samples at higher temperatures showed a persistence of Cu-rich mackinawite structure (XRD patterns for samples with 10 and 20 % Cu doping, Fig. 4b, c) . Apparently the mackinawite-like Cu-rich precipitate has transformed during solvothermal treatment to a mixture of crystalline Cu-rich mackinawite and Cu-rich cubic FeS (Fig. 5b) . As mackinawite is regarded to be a metastable compound which transforms to greigite at 130°C (Lennie et al. 1997) , its presence in the experiments made at 200°C is quite surprising. The absence of phase transformation and enhanced crystallinity compared to the undoped FeS samples can be explained as a result of Cu 2? ions incorporation between the S-S layers (Vaughan 1970) , thus enhancing the structure and its Fig. 3 The relative ratio between (Cu ? Fe):S and Cu:Fe measured by EDS in: a starting reagents b compositions of first precipitates after sonochemical treatment and c compositions of the products after solvothermal treatment of the intermediate SCS products. In samples where two different phases were present, the EDS was performed on mackinawite-like phase stability (Takeno and Clark 1967) . Cell parameters for mackinawite after STS were calculated from XRD data. The mackinawite peaks (001) and (111) are intense and distinct, while the other peaks are either weak or overlapping with other phases; therefore, only these two peaks were used to calculate the unit-cell parameters of mackinawite (a = b = c for tetragonal system) using the following equation:
From 3 different XRD patterns of Cu-rich mackinawites, the same 2h angles for (001) and (111) diffraction peaks were measured as 2h = 18.66 and 39.08, respectively. The d-value for the (001) peak is actually the length of the c-axis ðd 001 ¼ ffiffiffiffiffiffiffiffiffiffiffiffi ffi 0 þ c 2 p ¼ cÞ, and the relation between d-value and measured 2h is described by the following equation:
From this formula, the length of the c-axis was calculated to 4.75 Å . Now, with known length of the caxis and upper equation, we can calculate the length of a-axis from the (111)-peak to d 100 = 3.31 Å . Comparing calculated data from our XRD pattern with reference values, we observe contraction in direction of c-axis for 15 % and in direction of a-axis for 10 % in Cu-doped crystalline mackinawite. Measured lattice parameters, compared with some typical values for differently prepared mackinawite, are possible from Table 3 . Similar contraction of c-axis was reported from samples of natural mackinawite as an influence of Cu, Ni and Co impurities (Vaughan 1969) , but was later revoked since very similar values were obtained from pure mackinawite from same localities (Clark 1970) . Other authors explained such contraction as an effect of aging or drying (Bourdoiseau et al. 2008) : apparently with aging, the unit cells contracts rapidly along the a-axis and relatively slow along the c-axis due to lattice relaxation along a-and b-axis (Wolthers et al. 2003) .
Besides relaxation, a significant impact upon the lattice parameters can be caused by the impurities, which can also affect the transition of doped mackinawite to other Fe-S structures, particularly the transition to the greigite structure, which primarily involves the translation of the Fe sublattice. Mackinawite appears to react with divalent metals on 1:1 Fig. 4 Experimental XRD patterns of Fe sulphide doped with various Cu content (black pattern) with simulated patterns from PDF database (coloured patterns). a For undoped FeS system, the pattern shows end stage after complete transformation of mackinawite to pyrite, without greigite phase observed. b, c The peaks for 10 and 20 % Cu show a mixture of mackinawite and an unknown phase, which was later identified as a Cu-rich cubic FeS. Note the significant offset between the reference and experimental values for Cu-rich mackinawites in our experiments. At higher Cu loadings, the end products correspond to their stoichiometric phases: d at 50 % Cu to chalcopyrite and e at 80 % Cu to bornite. For interpretation of the XRD patterns, the following PDF data were used: 79-0617-pyrite (Zeng and Holzwarth 1994) , 16-0713-greigite (Skinner et al. 1964 ), 86-0389-mackinawite (Lennie et al. 1995) , 83-0983-chalcopyrite (Kratz and Fuess 1989) and 42-1405-bornite (Koto and Morimoto 1975) molar ratio basis; namely, in the presence of divalent metals, Fe is replaced and sulphides of the metals are formed (Di Toro et al. 1990 ). Nelson et al. (1977) first suggested that divalent metals can enter the solid crystal lattice, observing that Ag has replaced about 10 % of the Fe from the mackinawite. Pankow and Morgan (1979) during studying the dissolution of mackinawite in the presence of CuCl 2 proposed formation of metal-substituted FeS by lattice exchange and that the surface of the mackinawite had become coated with CuS. Several other studies were also aimed to elucidate the interactions in the solution between mackinawite FeS and wide range of metals, showing that most of the interactions between the metals and FeS take place on the FeS surface (Parkman et al. 1999, Morse and Arakaki 1993) . More recently, a number of studies have shown that mackinawite also entraps the metal atoms inside the octahedral interstices (Moyes et al. 2002; Liu et al. 2008; Mullet et al. 2002) . In similar manner our expansion during sonochemical treatment can be explained by a significant amount of Cu absorbed between the S-S layers. Considering the increased distance between the layers, we can conclude that at this stage, Cu is still in a form of a solid solution or a complex (Morse and Arakaki 1993) , which increases the distance between the layers in a similar way as interlayer water molecules, described by Bourdoiseau et al. (2008) . After the solvothermal treatment, the relative separation of the layers is decreased. Combined with information of increased stability at higher temperatures, we can conclude that the type of bonding in c-axis of mackinawite during solvothermal treatment has changed, replacing the weak dispersive forces between layers with chemically bonded interactions between the S and the doping atoms, resulting in contraction of the lattice. Bonding length of Cu-S (2.29 Å ) where Cu is in fourfold coordination with S coincides with reported distances in similar solid Cu sulphides (e.g. chalcopyrite, 2.30 Å ). Also the calculated Cu-Fe bond lengths (2.63 Å ) are close to the FeFe bond length (2.65 Å ), which leads to a metallic behaviour of mackinawite (Devey et al. 2008) . An observed doping level of maximum 20 % interstitial Cu (Fig. 4c) would be equivalent to one copper atom per unit cell, giving a compound with the formula Cu 0.5 FeS. Parkman et al. (1999) investigated reactions of Cu with mackinawite in aqueous solutions and observed a chalcopyrite-type phase, which was not further identified due to similarity among various candidate phases. This chalcopyrite-type phase correspond to our Cu-rich cubic FeS, both having a sphalerite-type structure.
Our TEM investigation confirmed that in undoped FeS sample, the only product after STS are globular agglomerates of pyrite nanocrystals (Fig. 5a) ; the size of individual crystallites, estimated from TEM micrographs to 5-10 nm, coincide with the calculated values from XRD. In the samples, synthesized at Cu concentrations below 50 %, we found two different phases in the end products: in addition to twisted and curved flaky mackinawite crystals measuring up to 250 nm, we observe unusual cone-shaped Cu-rich sphalerite-type FeS crystals (Fig. 5b) . The ratio between the cone-shaped FeS and mackinawite effectively depends on the concentration of Cu in the reagents: more Cu results in more cone-shaped FeS crystals and less mackinawite flakes, suggesting that the addition of Cu promotes the formation of this unusual FeS phase. EDS analysis of mackinawite crystals shows a stoichiometric metal:S composition, with up to 25 % of Cu integrated on atomic level. At Cu concentrations over 50 %, however, there is only one phase stable, chalcopyrite (Fig. 5c) , with crystals up to 50 nm with good crystallinity and uniform size distribution, without mackinawite residues. In Cudominated experimental runs, the end product corresponds to bornite (Fig. 5d) .
To confirm the distinction of mackinawite and cubic FeS and to examine the role of Cu in mackinawite-cubic FeS-pyrite relation, we solvothermally treated the mixtures of mackinawite and Curich cubic FeS crystals. Rickard et al. (2001) described the transformation of mackinawite to greigite with dissolved sulphide, where the excess sulphide mediates the partial oxidation of mackinawite to greigite. To investigate this transformation pathway, an additional amount of sulphur was added into the solution with Cu-rich cubic FeS and mackinawite, to propagate the formation of pyrite; the overall ratio was (Fe ? Cu):S = 1:6. After the STS treatment at 200°C for 18 h, the XRD pattern showed a twophase composition. The TEM observation of the samples revealed unchanged Cu-rich cubic FeS crystals in size of 150-200 nm, having sharp edges without any visible alteration on the crystal parts, partially or completely overgrown by globules composed of nanocrystalline pyrite (Fig. 6 ). EDS analysis of these globules showed a stoichiometric composition of Fe:S = 1:2 and were additionally confirmed as pyrite by XRD. The 5-10 nm large pyrite particles composing the agglomerates show no crystallographic relation with respect to the enclosing Cu-rich cubic FeS crystals. While Cu-rich cubic FeS crystals were not altered during the STS treatment, mackinawite completely transformed to pyrite. The greigite, although expected, was not observed in the XRD patterns or in TEM, suggesting that in our synthesis we have a direct transformation of mackinawite to pyrite, without the intermediate greigite phase. The excess amounts of sulphur trigger the formation of pyrite directly from mackinawite and not from Cu-rich cubic FeS, which remains unaltered upon sulphurization. The H 2 S odour after the synthesis indicates that excess sulphur remains in the solution. Simultaneous growth of mackinawite and pyrite during synthesis can be excluded while there was no mackinawite present in the end product, and from this experiment we can conclude that after mackinawite to Cu-rich FeS transformation these crystals are stable even at elevated temperatures in S-rich environment and are not altering to other stable phases (e.g. pyrite). Distinction between Cu-Fe-S phases by EDP or XRD can be a challenging task due to similarity between the structures. To further differentiate between the individual phases, we studied the magnetic properties of the products. The products of the STS at 200°C were rinsed, dried and sealed in plastic capsules, while magnetic properties were measured by VSM. Resulting hysteresis loops of pure and Cu- (Pearce et al. 2006; Peters and Thompson 1998) . The relations between samples with 10, 20 and 50 % Cu are more interesting, since with the increasing Cu content the magnetic properties are also increasing, reaching the peak at 20 % Cu and then start to decrease as shown in Fig. 8 .
The coercivity (H c ) remanence field (R em ) and saturation magnetization (M s ) increase to maximum values around 20 % Cu, although the relative concentration of Fe in the sample is in fact decreasing. This can be explained by Cu stabilizing the mackinawite structure, resulting in formation of mackinawite at the expense of cubic FeS, while at low Cu concentrations cubic FeS is a more prominent phase. Since the magnetization originates from unpaired electrons on iron sites, the increase in Ms with Cu content may be attributed to creation of more unpaired electrons at Fe site due to small lattice distortion. The increase in coercivity and remanence with the Cu content is related to the elongated morphology of the mackinawite crystals as seen in Figs. 2b and 5b. Cu stabilizes mackinawite structure just up to 50 %, where instead of Cu-rich mackinawite, chalcopyrite phase appears. Similar observations were made comparing EDS measurements: when concentration of Fig. 9 Phase transformations in Cu-doped FeS system. The observed transformation sequence starts with amorphous mackinawite-type FeS clusters, which gain crystallinity during SCS treatment and with heating transforms to pyrite. In Cudoped system, the end products depend on available Cu in the starting solutions copper reaches the 50 %, a phase transformation occurs, changing linear dependency between metal/ sulphur ratio.
An overview of observed phase transformations in our study is presented in Fig. 9 . Apparently the Cu doping of first precipitate, mackinawite, has a great influence on the subsequent crystallization of Cudoped FeS. The metastable Cu-rich mackinawite during heating transforms to a more stable, Cu-rich cubic FeS phase. Takeno et al. (1970) reported on transformation of metastable FeS at about 200°C and mackinawite at 170°C to hexagonal pyrrhotite and finally to troilite under Fe rich conditions, which was not detected in our experiments. Sines et al. (2012) determined the temperature of pure FeS mackinawite crystallization in hydrothermal synthesis at around 200°C, while in our solvothermal experiment, at this temperature, it was already transformed to pyrite. Sonochemical treatment significantly improves the formation of crystalline mackinawite from the first precipitate in pure FeS system. Additional solvothermal treatment of such obtained product induces complete transformation of mackinawite to singlephase pyrite. During this transformation, we did not observe the greigite phase, although greigite is proposed as an intermediate compound (Lennie et al. 1997; Pósfai et al. 1998; Boursiquot et al. 2001) , which can be promoted by oxygen (Lennie et al. 1997) or water (Benning et al. 2000) contamination.
Conclusions
The unit cell of mackinawite-like precipitate determined by TEM and XRD technique shows an expansion along c-axis, proportional to the amount of Cu in starting composition. In fresh (undoped) FeS mackinawite samples, the unit cell corresponds to the reference values, while solvothermal treatment of Cudoped mackinawite-like precipitate results in a rapid contraction of the unit cell along the c-axis accompanied with minor contraction along the a-axis. The incorporation of Cu between the mackinawite S-S layers during the synthesis, confirmed by the expansion of the mackinawite unit cell, strengthens the structure and enhances its crystallinity. While undoped FeS mackinawite transforms to pyrite during the solvothermal treatment, the Cu-rich mackinawite is stable also at elevated temperatures and transitions into different Cu-Fe-S phases, depending on the concentration of Cu absorbed in the initial mackinawite-type precipitate. Large amounts of Cu result in the formation of bornite and chalcopyrite, while lower amounts of Cu induce crystallization of mackinawite and Cu-rich cubic FeS mixture, not observed in pure-Fe system. The coexistence of mackinawite and cubic FeS at elevated temperatures over the reported transformation temperature of mackinawite can also be attributed to the enhanced structure stability due to incorporation of Cu.
Our investigations of the interactions of Cu with mackinawite FeS indicate that metal uptake is an important process at the formation of the first, nanosized FeS precipitate. The incorporation of transition metals in metastable mackinawite structure is a temporary process and these interactions strongly influence the pathway for the subsequent stable phases.
